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(54) Method and apparatus for providing signal dependent dither generator for sigma-delta A/D 
modulator 



(57) A method is disclosed to operate a sigma-delta 
modulator of a type that includes a quantizer. The meth- 
od has steps of (a) sampling an amplitude of an input 
signal to the sigma-delta modulator: and (b) controlling 
the switching of a capacitance bank In accordance with 
the sampled amplitude of the input signal for generating 
a dither signal at an input of the quantizer. The dither 
signal is generated to have a pseudorandom amplitude 
that is inversely proportional to the sampled amplitude 
of the input signal. The step of controlling and generat- 
ing operates a linear feedback shift register to switch 
individual ones of a plurality of capacitances of the bank 
of capacitances in and out of a capacitance network. In 
one embodiment the step of operating the at least one 



linearfeedbackshiftregisterturnsalinearfeedbackshift 
register clock signal on and off as a function of the am- 
plitude of the input signal, fn one embodiment the step 
of sampling operates at least one window detector and 
the dither signal is tumed off and on depending on a 
relationship between the amplitude of the input signal 
and voltage thresholds of the window detector. In anoth- 
er embodiment the step of sampling operates a rectifier 
that rectifies the input signal to provide a rectified output 
signal, and the step of controlling and generating pseu- 
dorandomly applies the rectified output signal to the 
bank of capacitances for controlling an amount of cur- 
rent that is transferred between the input of the quantizer 
and the bank of capacitances. 
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Description 

[0001 ] This invention reiates generally to signna-deita 
(SD) modulators and, nnore specifically, to SD modula- 
tors used in analog-to-digital converter circuitry and that 
employ a dither signal to improve their performance. 
[0002] SD modulators used in analog-to-digital con- 
verters (ADCs) are well known in the art. Reference may 
be had, by example, to S.R. Norsworthy et al., "Delta- 
Sigma Data Converters", IEEE Press, NY, 1997, and to 
J.G. Proakis et aL, Digital Signal Processing" Third Edi- 
tion, Prentice-Hall, 1996. 

[0003] Conventional SD modulators are known to suf- 
ferfrom the generation of tones, i.e., undesirable signals 
that manifest themselves as periodic fluctuations, the 
amplitude and frequency of which are a function of the 
amplitude and frequency of the Input signal. The tones 
are generated mainly because the quantization noise Is 
not always random, especially when the input signal am- 
plitude and frequency are low. A conventional technique 
to overcome this problem is to use a dither signal that 
is added to the input signal. Reference in this regard can 
be hadto U.S. Patent No.: 5,889,482, "Analog-to-Digital 
Converter Using Dither and Method for Converting An- 
alog Signals to Digital Signals", by M. Zarubinsky et al. 
The approach of Zambinsky et al. is to add in the dither 
signal In the SD modulator, and to then cancel or sup- 
press the dither signal before it reaches the output ter- 
minal of the ADC. This technique is said to preserve a 
high signal-to-noise ratio (SNR) and to provide low 
spectral tones in the output signal, if the input signal to 
the converter has a small amplitude, then the signal at 
the output of sigma-delta modulator is highly con^elated 
with the dither signal D. If the input signal is close to the 
maximum admissible amplitude, the modulator partially 
suppresses the dither signal, and the output signal re- 
mains substantially without non-linear distortions. 
[0004] Fig. 4B of Zarubinsky et al. shows the dither 
signal D, which can be a multilevel signal with different 
magnitudes between maximum and minimum values. 
The magnitude of the dither signal is expressed as Bq 
which remains constant over one time interval, and 
where a step Index n various randomly. 
[0005] A disadvantage of the use of the dither signal, 
in particular one with a constant amplitude, is that the 
maximum allowable input signal at the input to the SD 
modulator is reduced as the probability is increased of 
overloading the quantizer. The end result is a reduction 
in the dynamic range of the ADC. 
[0006] A need exists to provide an improved sigma- 
delta modulator and a dither signal, In particular a 
switched capacitor (SC) SD modulator, as well as a con- 
tinuous time SD modulator, where the use of the dither 
signal does not have an adverse effect on the dynamic 
range of the ADC, and where the dither signal is gener- 
ated in a simple manner that makes efficient use of in- 
tegrated circuit area and that operates with a small pow- 
er consumption. 



[0007] It is a first object and advantage of this inven- 
tion to provide an improved sigma-delta modulator 
[0008] It is a further object and advantage of this in- 
vention to provide an improved sigma-delta modulator 

5 that does not suffer from a significant reduction in dy- 
namic range due to the use of a dither signal. 
[0009] The foregoing and other problems are over- 
come and the foregoing objects and advantages are re- 
alized by methods and apparatus in accordance with 

^0 embodiments of this invention. 

[0010] The teachings of this invention provide embod- 
iments of low complexity, single-bit SD modulators that 
employ a dither signal having an amplitude that is a func- 
tion of the amplitude of the input signal to the SD mod- 

^5 ulator. The teachings of this invention apply as well to 
multi-bit SD modulators. In these embodiments pseu- 
dorandom noise Is added to an input of a SD modulator 
quantizer as a dither signal, and the amplitude of the 
pseudorandom noise is controlled in such a manner as 

20 to be inversely proportional to the amplitude of the input 
signal, i.e., the amplitude of the dither signal is smallest 
when the amplitude of the input signal is largest and vice 
versa. 

[0011] In the presently preferred embodiments at 
25 least one linear feedback shift register (LFSR) is used 
to generate a pseudorandom code sequence that in turn 
is used to control the switching of voltage potentials to 
inputs of banks of voltage variable capacitances cou- 
pled to input nodes of the quantizer The variation in ca- 
30 pacitance at the input nodes of the quantizer generates 
voltage transitions in the quantizer input signal, thereby 
dithering the Input signal to the quantizer 
[0012] In a further embodiment of this invention em- 
bodiment of this invention the instantaneous amplitude 
35 of the input signal is quantized with at least one low com- 
plexity window detector which controls the clock signal 
to the at least one LFSR. 

[0013] A method Is disclosed to operate a sigma-delta 
modulator of a type that includes a quantizer. The meth- 

40 od has steps of (a) sampling an amplitude of an input 
signal to the sigma-delta modulator; and (b) controlling 
the switching of a capacitance bank in accordance with 
the sampled amplitude of the input signal for generating 
a dither signal at an input of the quantizer The dither 

45 signal is generated to have a pseudorandom amplitude 
that is inversely proportional to the sampled amplitude 
of the input signal. The step of controlling and generat- 
ing operates a linear feedback shift register to switch 
individual ones of a plurality of capacitances of the bank 

50 of capacitances in and out of a capacitance network. In 
one embodiment the step of operating the at least one 
llnearfeedback shift register turns a linear feedback shift 
rejgister clock signal oh and off as a function of the am- 
plitude of the input signal. Preferably the step of sam- 

55 piing samples the input signal to prevent a generation 
of kickback noise. 

[0014] In one embodimentthe step of sampling oper- 
ates at least one window detector, and the dither signal 
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Is turned off and on depending on a relationship be- 
tween the amplitude of the input signal and voltage 
thresholds of the at least one window detector. 
[0015] In another embodiment the step of sampling 
operates a rectifier that rectifies an input signal to the s 
quantizer to provide a rectified output signal, and the 
step of controlling and generating pseudorandomly ap- 
plies the rectified output signal to the bank of capaci- 
tances for controlling an amount of current that is trans- 
ferred between the input of the quantizer and the bank io 
of capacitances. 

[0016] In both of these embodiments the presence of 
the dither signal reduces the undesirable tones in the 
output signal when the tones are most disturbing (i.e., 
when the Input signal is absent or at a low level), while is 
not degrading the performance of the SD modulator 
when the Input signal amplitude is large. 
[0017] As the dither signal is random or pseudoran- 
dom in nature in both of disclosed embodiments, circuit- 
ry that Is both simple and inaccurate can be used in the 20 
implementation, thereby reducing the required integrat- 
ed circuit area and power consumption. These are im- 
portant considerations when the SD converter, and an 
ADC, are used in mass produced, battery operated con- 
sumer goods, such as handheld cellular telephones and 25 
personal communicators. 

[0018] The above set forth and other features of the 
invention are made more apparent in the ensuing De- 
tailed Description of the Invention when read in conjunc- 
tion with the attached Drawings, wherein: 

Fig. 1 is a simplified block diagram that depicts an 
input signal dependent pseudorandom dither signal 
generation circuit for a SD modulator in accordance 
with these teachings; 

Fig. 2A is a circuit diagram of a first embodiment of 
the SD modulator that employs an input signal de- 
pendent pseudorandom dither signal; 

40 

Fig. 2B is a circuit diagram of an embodiment of the 
rectifier of Fig. 2A; 

Figs, 3A and SB are simulated waveform diagrams 
that show, for the embodiment of Fig. 2A, the recti- ^5 
fled input signal and the dither signal generated for 
a sine wave input signal; 

Fig. 4 is a circuit diagram of a second embodiment 
of the SD modulator that uses an input signal de- so 
pendent pseudorandom dither signal, wherein the 
dither signal is selectively turned off and on as a 
function of the amplitude of the input signal; 

Fig. 5 is a wavefonn diagram that shows the de- ss 
pendency between the input signal and the dither 
magnitude for the second embodiment of Fig. 4; 



Fig. 6 is a circuit diagram of a third embodiment of 
the SD modulator that uses an Input signal depend- 
ent pseudorandom dither signal, wherein multiple 
window detectors and pseudorandom signal gener- 
ators are provided, and where the dither signal is 
selectively controlled as a function of the amplitude 
of the input signal; 

Fig. 7 is a waveform diagram that shows the de- 
pendency between the input signal and the dither 
magnitude for the case of multiple window detectors 
as In the third embodiment of Fig. 6; 

Fig. 8 shows a preferred embodiment of the cou- 
pling of the rectifier input signals to the outputs of 
the last integrator stage of the loop filter, just prior 
to the quantizer; and 

Fig. 9 illustrates one suitable construction of the 
window detector(s) found in the embodiments of 
Figs. 4 and 6. 

[0019] Refen^ing to Fig. 1 . there is shown a sigma-del- 
ta modulator (SDM) 1 0 that operates in accordance with 
the teachings of this invention. The SDM 1 0 includes an 
input node for receiving an analog input signal and an 
output node for outputting a (one bit or a multi-bit) digital 
output signal. The input signal is applied to a loop filter 
12 and from the loop filter to a quantizer 14. The loop 
filter 12 can include one integrator, or more likely a plu- 
rality of integrators connected in series for achieving a 
desired higher order filtering (e.g., third order or fourth 
order, or higher). The Input signal is also applied to an 
amplitude measurement block 16 that outputs, in a first 
embodiment (Fig. 2), an amplitude control signal to" a 
switched capacitor bank 20, and that outputs, in a sec- 
ond embodiment (Fig. 4), a clock control signal to a 
pseudorandom signal generator block 1 8 . The output of 
the pseudorandom current generator block 1 8 is a dither 
control signal that is applied to the switched capacitor 
bank 20. The output of the switched capacitor bank 20 
is applied to a second input of the quantizer 14. The ef- 
fect of the operation of either embodiment is to add 
pseudorandom noise, i.e., a dither signal, at the input of 
the quantizer 14, where the amplitude of the pseudor- 
andom noise is controlled in such a manner as to be 
inversely proportional to the amplitude of the input sig- 
nal. That is, the amplitude of the dither signal Is smallest 
when the amplitude of the input signal is largest and vice 
versa. 

[0020] Thus, the teachings of this invention provide 
simple and cost-effective techniques to implement input 
signal-dependent dithering in a single bit switched ca- 
pacitor SD modulator. 

[0021] Refemng to the first embodiment depicted in 
Fig. 2A, a plurality of PMOS transistors Ml -M6 are con- 
nected as capacitors to the input of the quantizer 14, 
shown as a voltage comparator. Alternatively, a plurality 
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of actual capacitors could be used, either alone or com- 
bination with the transistors M1-M6. The gate tenninals 
of M1-M6 are controlled by a Linear Feedback Shift 
Register (LFSR) 22. The LFSR 22 is coupled with feed- 
bacl< logic 23 to implement the pseudorandom signal 
generator 1 8 of Fig. 1 , and operates to generate a pseu- 
dorandom sequence in a known manner. In the pre- 
ferred embodiments the code used by the LFSR 22 is a 
maximal length code with a white spectrum, although 
colored codes could be employed as well, as they may 
have the advantage of reducing dither noise in the signal 
band. 

[0022] The differential Input signal of the SDM 10 is 
also shown as being input to a rectifier 24. This is a sim- 
plification, as will be explained in further detail below in 
relation to Fig. 8, as the input to the rectifier 24 is pref- 
erably obtained from the outputs of an integrator 26, ac- 
tually a last integrator oi a chain of Integrators that com- 
prise a multi-order loop filter 12. 

[0023] In this first embodiment the rectifier 24 imple- 
ments the amplitude measurement block 1 6 of Fig. 1 , 
and a circuit diagram of one suitable embodiment of the 
rectifier 24 is shown in Fig. 2B. The dependency of the 
differential input signal and the output of the rectifier 24 
is shown in Figs. 3A and 3B, where the Input signal is 
shown as a solid line and the output of the rectifier as a 
dashed line. Figs. 3A and 3B show that as the input sig- 
nal amplitude becomes smaller, the output voltage of the 
rectifier 24 becomes larger and vice versa. The output 
of the rectifier 24 is coupled to the gate terminals of 
PMOS transistors M1 -M6 via single pole, double throw 
(SPDT) switches 31 -S6, individual ones of which are 
controlled by one of the outputs (DFF1 -DFF6) of the LF- 
SR 22. One set of input terminals of the switches S1-S6 
is connected to circuit ground, while the other set of input 
terminals of the switches 81 -86 Is connected to the out- 
put of the rectifier 24. The shorted source-drain termi- 
nals of M1-M6 (remember that M1-M6 function as ca- 
pacitors) are connected in parallel to the inputs of quan- 
tizer 14, with M1-M3 being connected to the Vln+ quan- 
tizer input terminal and M4-M6 being connected to the 
Vin- quantizer input tenninal. In other embodiments 
more or less than six PMOS FETs could be used, and 
connected through switches controlled by more or less 
than six of the LFSR 22 DFF outputs. The transistor 
M1 -M6 channel charge is taken from the input nodes of 
the quantizer 14, and the movement of charge causes 
a change In the voltage at the quantizer 14 input node. 
The more the input signal amplitude rises the less the 
capacitance represented by M 1 -M6 is charged, and the 
smaller is the corresponding voltage change or fluctua- 
tion at the input nodes of the quantizer 14. 
[0024] Describing this first embodiment now in great- 
er detail, the magnitude of the output voltage of the rec- 
tifier 24 is dependent on the absolute value of the input 
signals, shown for simplicity as the differential input sig- 
nal of the SDM 10. The input signal of the SDM 10 is 
actually applied indirectly to the integrator 26, which 



may be considered to be the last integrator of the loop 
filter 1 2. The differential output of the integrator 26 drives 
the differential input nodes of the quantizer 14. When 
the difference signal is large, the output of the rectifier 

5 24 is large, and vice versa, as shown in Figs, 3A and 
3B. The output voltage of the rectifier 24 Is connected 
to the gate tenninals of the PMOS transistors M1-M6 
through switches S1 -86, the switching state of which is 
controlled by taps from the six DFFs of the LFSR 22. As 

10 a result, the channel charge of the PMOS transistors 
M1-M6 is dependent on the input signal of the SDM 10. 
Charge Is either extracted from or injected into the input 
node of the quantizer 1 4 where it causes a voltage step , 
the magnitude of which is dependent on how much 

IS charge is moving back and forth between the quantizer's 
input node and the channels of M1-M6. Note that since 
the same charge Is moved between the quantizer's input 
node and the transistor's channel, there is no current 
consumption except in the rectifier 24. It is shown in Fig. 

20 38 that when the amplitude of the input signal of the 
SDM 10 is largest, charge movement occurs in both 
nodes (Vin+ and Vin-) of the quantizer's Input, and the 
dither signal is thus the most effective. As the input sig- 
nal amplitude of the SDM 1 0 decreases only one of the 

2s nodes of the quantizer Is dithered, with corresponding 
decreasing charge movement. 

[0025] PMOS transistors M1-M6 have channel 
charge only when their gate-source voltage is higher 
than the PMOS transistors threshold voltage Vtp. The 
30 greater is the effective voltage Veff the more the PMOS 
transistors M1-M6 are charged, and the greater Is the 
magnitude of the induced dither signal at the inputs to 
the quantizer 14. 

[0026] As an example, one suitable channel width for 

35 M1-M6 could be about 2 micrometers, and a suitable 
channel length Is about 1 micrometer. Those skilled in 
the art will appreciate that, when designing the channel 
width and length of M1-M6, among the parameters that 
should be considered are the supply voltages, integrat- 

40 ed circuit technology to be used, the desired dither sig- 
nal magnitude, as well as the expected magnitude of the 
signal swings at the outputs of the rectifier 24. 
[0027] The LFSR 22 produces a pseudorandom 
code, and is conveniently implemented with a series of 

45 data flip flops (DFFs) and the feedback logic 23, which 
can be composed of XOR gates. The PMOS transistor 
gates M1 -M6 are controlled by the LFSR 22, via switch- 
es S1 -86, and the switch control signals are taken, pref- 
erably, from arbitrary locations of the LFSR 22. 

so [0028] Resistors (R) are series connected between 
the output nodes of the integrator 26 and the input nodes 
of the quantizer 14 in order to generate a voltage step 
from the charge movement. The amplifier used to im- 
plement the integrator 24 is preferably an Operational 

55 Tranconductance Amplifier (OTA) type, and without the 
resistors R the amplifier would absorb the moving 
charge immediately, without producing the desired volt- 
age step at the input nodes of the quantizer 14. In the 
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preferred embodiment the RC time constant resulting 
from resistors R and the capacitance C of the PMOS 
transistors M1 -M6 is small, and thus, has a negligible ef- 
fect on the settling characteristics of the integrator 26. 
The amplitude of the voltage step and its time constant 
can be readily changed by changing the size of the 
channels of the PMOS transistors M1 -M6 and/or by ad- 
justing the values of the resistors (R). The output swing 
and DC level of the rectifier 24 can also be varied, if 
desired. 

[0029] The LFSR 22 pseudorandom sequence is 
preferably at least one second in length, and may be 
longer. As such, the total number of required DFFs is a 
function of the clock frequency. As an example, and as- 
suming a clock frequency of 3 MHz, 22 DFFs can be 
used to obtain a LFSR period of 1 .398 seconds. 
[0030] For the case of a multi-order SDM 1 0, such as 
a fourth order SDM with a low oversampling ratio (e.g., 
four), there exists a possibility that the signal passing 
through the 4*^ order loop filter 12 will experience too 
much delay at the inputs to the quantizer 14. There is, 
though, almost no delay forthe input signal that controls 
the rectifier 24, which controls the charge of the PMOS 
transistors M1 -M6. As such, a possibility exists that the 
dither signal could lead the actual input signal. This con- 
dition would have a detrimental impact on the SNR, with- 
out preventing the generation of tones by the quantizer 
14. 

[0031] This problem is overcome by the embodiment 
shown in Fig. 8, wherein the inputs to the rectifier 24 are 
taken from the differential outputs of the last integrator 
26 of the series of integrators implementing the higher 
orcler loop filter 12. The differential output of the last in- 
tegrator 26 naturally follows the differential input signal 
of the SDM 10, and by taking the inputs of rectifier 24 
from this point, the dither signal is timed corectly with 
the input of the quantizer 14 (assuming a substantially 
negligible delay in the rectifier 24). While the output of 
the last integrator 26 is essentially a quantized signal, 
this does not adversely affect the dependency of the 
dither signal magnitude on the magnitude of the input 
signal of the SDM 10. 

[0032] Turning now to Fig, 4, a second embodiment 
in accordance with these teachings is shown. In this em- 
bodiment the amplitude measurement block 16 of Fig. 
1 is implemented with at least one voltage window de- 
tector 28, which provides a clock control signal to the 
pseudorandom signal generator 18 (the charge control 
output of the amplitude measurement block 16 is not 
present). 

[0033] More particularly, the input signal of the SDM 
10 is applied to at least one window detector (WD) 28. 
The number of WD's can be greater than one in order 
to increase the accuracy of the dither signal's depend- 
ency on the amplitude of the input signal, as will be de- 
scribed below with regard to Fig. 6. A graph showing the 
dependence of the dither signal versus the input signal 
to the SDM 10 is shown in Fig. 5 (for the case of one 



window detector 28), and Fig. 9 shows a suitable em- 
bodiment for the window detector 28. The window de- 
tector 28 quantizes the amplitude of the input signal that 
is sampled by switches S7 and S8 onto sampling capac- 

5 itance C. The window detector 28 is not required to be 
accurate, and a small, low current structure composed 
of two differential transistor pairs with regenerative 
loads and a NOR gate can be used, as is shown in Fig. 
9. The output of the window detector 28 controls, via 

10 AND gate 30, the application of the clock (CLK) signal 
to the LFSR 22. The voltage thresholds {±Vth) for the 
window detector 28 may be generated with a chain of 
resistois or diode-connected MOS transistors (not 
shown). The voltage thresholds are not required to be 

15 accurate, enabling small structures can be used. So 
long as the amplitude of the input signal Vin falls within 
the range of threshold voltages applied to the window 
detector 28, the window detector outputs an enabling 
signal to the AND gate 30, which then passes the clock 

20 to the LFSR 22. When the window detector 22 deter- 
mines that dither is not needed, it stops the LFSR 22 by 
disabling the input clock to the LFSR 22, via AND gate 
30. In this embodiment, as in the embodiment of Fig. 2, 
the LFSR 22 controls the transistors M1-M6. via switch- 
es es S1 -S6. in this embodiment, however, the gate tenmi- 
nals of M1 -MS are connected to either ground potential 
or to some other (constant) potential, such as Vdd, de- 
pending on the control signals generated by the DFF 
taps DFF1-DFF6 taps of the LFSR 22. 

30 [0034] More specifically, the input signal Vin is sam- 
pled onto the small capacitor C by closing S7 (S8 is 
open) to avoid kickback noise from the window detector 
28, and then S7 is opened and S8 is closed. The sam- 
pled input voltage appearing across C is applied through 

35 S8 to the Vin tenninal of the window detector 28, which 
quantizes the sampled amplitude to control the clocking 
of the LFSR 22. If the input signal amplitude Is sufficient- 
ly large, I.e., outside of the window threshold of the win- 
dow detector 28, no dither is needed, and the output of 

40 the window detector stops the clock to the LFSR 22, via 
AND gate 30. As an example, the window detector 
thresholds 4-Vth and -Vth could be set to be about 50% 
less than the largest expected positive and negative in- 
put signal amplitude excursions (assuming the use of 

45 one window detector 28 as in Fig, 4). The dependency 
of the dither signal on the amplitude of the input signal 
to the SDM 10 is thus controlled with the one or more 
window detectors 28, and not with a variable channel 
charge of the PMOS transistors M 1 -MS, as was the case 

50 for the embodiment of Fig. 2. Instead, in this embodi- 
ment, and only when dither is required, the gate termi- 
nals of the capacitor-connected PMOS transistors 
M1 -MB are pseudorandomly switched between Vdd and 
circuit ground, depending on the control signals gener- 

55 ated by the LFSR 22. The switching in and out of varia- 
ble numbers of capacitances at the input nodes of the 
quantizer 1 4 has, however, substantially the same effect 
as in the embodiment of Fig. 2, as voltage transients of 
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non-constant amplitude are generated which form the 
desired dither signal. 

[0035] Fig. 6 Illustrates an embodiment wherein finer 
control over the magnitude of the dither signal is 
achieved than the embodiment of Fig. 4. This is accom- 
plished by providing a plurality of window detectors, 
such as the three designated 28A, 28B and 28C (col- 
lectively refen^ed to as window detectors 28). Each of 
the window detectors 28 is associated with a corre- 
sponding LFSR 22, designated 22A, 22B and 22C (col- 
lectively referred to as LFSRs 22), and feedback logic 
23A. 23B and 23C. Each of the window detectors 28 
operates with a different set of threshold voltages, 
±Vth1 , ±Vth2 and ±Vth3, as shown as well in Fig. 7. In 
this embodiment the length of the LFSRs 22 is prefera- 
bly different, providing different code repeal periods, 
and the longest length may be shorter than In the single 
LFSR embodiment of Fig. 4. Each of the window detec- 
tors 28 controls, via an associated AND gale 30A, 30B, 
30C, the on/off state of the clock signal applied to its 
associated LFSR 22A, 22B, 22C, respectively. 
[0036] In operation, and when the input signal to the 
window detectors 28 is between Vth1 and Vth2 (see Fig. 
7), only the LFSR 22A is running (the clocks to LFSRs 
22B and 22C are gated off). Two control signals DFF1 
and DFF6 are taken from LFSR 22A, and thus apply a 
minimum amount of dither to each of the differential in- 
put nodes of the quantizer 14. As the magnitude of the 
input signal decreases towards zero, LFSR 22B and 
then LFSR 22C begin to mn, thereby injecting more dith- 
er signal into the quantizer 14 inputs nodes. 
[0037] When only LFSR 22A is running a minimum 
amount of dither is generated which has a minimum im- 
pact of the SNR and output spectrum of the SDM 1 0. As 
such, it can be appreciated that the length of the LFSR 
22A is not critical. The remaining LFSRs 22B and 22C 
are preferably shorter. For example, if the clock signal 
is 3 MHz, and assuming that LFSR 22A has 22 DFF 
stages, then LFSR 22B could contain 7 DFFs.and LFSR 
22C could contain 4 DFFs. When more than LFSR 22A 
is running, it can be appreciated that the dither signal 
injected into the input nodes of the quantizer 14 as- 
sumes a greater pseudorandom nature, as the control- 
ling signals to M1-M6 are taken from different ones of 
the LFSRs 22, each having a different length and code 
repeat period. As such, a type of mixing occurs at the 
inputs to the quantizer 14. 

[0038] The foregoing embodiments of this invention 
add dither to the Input to the quantizer 1 4 where the dith- 
er signal has the same noise shaping characteristics as 
the quantization noise, and therefore causes the least 
amount of reduction in the SDM 10 dynamic range. In 
these embodiments the dither amplitude depends on, 
and Is inversely proportional to, the amplitude of the in- 
put signal to the SDM 10. With a large input signal the 
amplitude of the dither signal is small, and thus does not 
overload the quantizer and reduce the dynamic range 
of the SDM 10. With a small input signal the dither am- 



plitude is sufficiently large to prevent the generation of 
tones, and to thus improve the signal-to-noise ratio 
(SNR) of the SDM 10. By avoiding the use of a prede- 
termined square wave dither signal, the out of band 

5 noise is not appreciably mixed into the signal band, and 
the likelihood of overloading the quantizer 14 is also re- 
duced. Furthermore, the disclosed embodiments are 
relatively simple to implement, and consume little Inte- 
grated circuit die area and little operating power. These 

10 embodiments can be Implemented in analog or digital 
CMOS technologies. 

[0039] It should be appreciated that both of the fore- 
going embodiments of these teachings operate to sam- 
ple the amplitude of the input signal to the sigma-delta 

IS modulator 1 0, and to control the switching of the capac- 
itance bank 20 in accordance with the sampled ampli- 
tude of the input signal for generating the dither signal 
at the Input of the quantizer 14, where the dither signal 
is generated to have a pseudorandom amplitude that is 

20 inversely proportional to the sampled amplitude of the 
input signal. 

[0040] While described In the context of specific num- 
bers of capacitance-connected PMOS FETs and asso- 
ciated switches and LFSR stages, etc., it should be ap- 

25 predated that these are exemplary of the presently pre- 
ferred embodiments, and are not intended to be read in 
a limiting sense upon the practice of these teachings. 
Furthermore, while disclosed in at least some of the Fig- 
ures in a single-ended configuration, the teachings of 

30 this invention could be implemented as well in a differ- 
ential configuration. 

[0041 ] Thus, while the invention has been particularly 
shown and described with respect to preferred embod- 
iments thereof, It will be understood by those skilled in 
35 the art that changes in form and details may be made 
therein without departing from the scope and spirit of the 
invention. 



^0 Claims 

1. A method to operate a sigma-delta modulator of a 
type that includes a quantizer, comprising steps of: 

sampling an amplitude of an input signal to the 
sigma-delta modulator; and 

controlling the switching of a switched capaci- 
tance bank in accordance with the sampled am- 
plitude of the input signal for generating a dither 
signal at an input of the quantizer, said dither 
signal being generated to have a pseudoran- 
dom amplitude that Is inversely proportional to 
the sampled amplitude of the input signal. 

55 

2. A method as in claim 1 , wherein the step of control- 
ling and generating operates a linear feedback shift 
register to switch Individual ones of a plurality of ca- 
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pacitances of said bank of capacitances in and out 
of a capacitance network. 

3. A method as in claim 2, wherein the step of operat- 
ing the at least one linear feedback shift register 
turns a linear feedback shift register clock signal on 
and off as a function of the amplitude of the input 
signal. 

4. A method as In claim 1 , wherein the step of sam- 
pling samples the input signal to prevent a genera- 
tion of kickback noise into the input signal. 

5. A method as in claim 1 , wherein the step of sam- 
pling operates at least one window detector, and 
wherein the dither signal is turned off and on de- 
pending on a relationship between the amplitude of 
the Input signal and voltage thresholds of the win- 
dow detector 

6. A method as in claim 1 , wherein the step of sam- 
pling operates a rectifier that rectifies a signal ap- 
plied to inputs of the quantizer to provide a rectified 
output signal, and wherein the step of controlling 
and generating pseudorandomly applies the recti- 
fied output signal to the bank of capacitances for 
controlling an amount of current that is transferred 
between the input of the quantizer and the bank of 
capacitances. 

7. A sigma-delta modulator of a type that includes a 
quantizer, comprising: 

circuitry tor sampling an amplitude of a signal 
that is to be applied to an input of the quantizer; 
and 

a bank of switched capacitances for generating 
a dither signal at input nodes of said quantizer, 
said dither signal being generated to have a 
pseudorandom amplitude that is inversely pro- 
portional to the sampled amplitude of the sig- 
nal. 

8. A sigma-delta modulator as In claim 7, and further 
comprising a linear feedback shift register having 
outputs coupled to said bank of switched capaci- 
tances for switching individual ones of a plurality of 
capacitances of said bank of capacitances in and 
out of a capacitance network. 

9. A sigma-delta modulator as in claim 8, wherein said 
sampling circuitry turns a linear feedback shift reg- 
ister clock signal on and off as a function of the am- 
plitude of the Input signal. 

10. A sigma-delta modulator as in claim 7, wherein said 
sampling circuitry samples the signal to prevent a 



generation of kickback noise. 

11 . A sigma-delta modulator as in claim 7, wherein said 
sampling circuitry comprises at least one window 
5 detector, and wherein the dither signal is tumed off 
and on depending on a relationship between the 
amplitude of the signal and voltage thresholds of the 
window detector. 

10 12. A sigma-delta modulator as in claim 7, wherein said 
sampling circuitry comprises a rectifier that rectifies 
the signal to provide a rectified output signal, and 
further comprising circuitry for pseudorandomly ap- 
plying the rectified output signal to the bank of ca- 
ts pacitances for controlling an amount of current that 
is transfen'ed between the input of the quantizer and 
the bank of capacitances 
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13. A sigma-delta modulator of a type that includes a 
quantizer, comprising: 

a rectifier that rectifies an input signal to the 
quantizer to provide a rectified output signal 
having an amplitude that is inversely proportion 
to the amplitude of the input signal of the sigma- 
delta modulator; 

a first bank of voltage-variable capacitances 
coupled In parallel to a first input node of said 
quantizer and a second bank of voltage-varia- 
ble capacitances coupled in parallel to a sec- 
ond input node of said quantizer; and 

a plurality of switches operated pseudoran- 
domly for selectively applying either the recti- 
fied output signal or another signal to control 
terminals of said voltage-variable capacitanc- 
es, where the magnitude of the rectified output 
signal controls a value of the total capacitance 
presented to the input nodes of the quantizer 
for generating a dither signal having a pseudor- 
andom amplitude that is inversely proportional 
to the amplitude of the input signal of the sigma- 
delta modulator. 



45 



SO 



14. A sigma-delta modulator as in claim 13, wherein 
said first and second banks of capacitances are 
comprised of FETs, and where said plurality of 
switches selectively apply the rectified output signal 
or the another signal to gate temninals of individual 
ones of said FETs. 



15. A sigma-delta modulator as in claim 13, wherein 
said rectifier rectifies a differential signal that is out- 

55 put from an integrator, said output signal of said in- 
tegrator also being input to said quantizer. 

16, A sigma-delta modulator as in claim 13. and further 
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comprising at least one linear feedback shift regis- 
ter having outputs coupled to said plurality of 
switches for controlling the switching thereof. 

17. A sigma-delta modulator of a type that includes a s 
quantizer, comprising: 

at least one window detector that compares an 
input signal to the sigma-delta modulator to a 
pair of threshold potentials to generate a win- io 
dow detection signal; 

a first bank of voltage-variable capacitances 
coupled in parallel to a first input node of said 
quantizer and a second bank of voltage-varia- is 
ble capacitances coupled in parallel to a sec- 
ond input node of said quantizer; 

a pseudorandom signal generator having an in- 
put clock signal that is selectively gated on or 20 
off by said window detection signal; and 

a plurality of switches coupled to said pseudor- 
andom signal generator and operated pseudor- 
andomly thereby for selectively applying either 2s 
a first voltage potential or a second voltage po- 
tential to control terminals of said voltage-vari- 
able capacitances to control a value of the total 
capacitance presented to the input nodes of the 
quantizer for generating a dither signal having so 
a pseudorandom amplitude that is inversely 
proportional to the amplitude of the input signal. 

18, A sigma-delta modulator as in claim 17, wherein 
said first and second banks of capacitances are 35 
comprised of FETs, and where said plurality of 
switches selectively apply the first voltage potential 

or the second voltage potential to gate terminals of 
individual ones of said FETs. 
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